Objective: To evaluate the cardiopulmonary effects of open sea scuba air diving to 39 m (30 minutes bottom time) with standard decompression. To account for possible gravity dependent effects of venous gas bubbles, the variables were measured in different post-dive body postures and compared with the baseline values before the dive in the same posture. Methods: Eight male divers conducted two similar dives on successive days. Their posture before and after the dive was either sitting or supine, in random order. The divers were evaluated before and 30, 60, and 90 minutes after the dive. Venous bubbles were detected by precordial Doppler after the dive in four divers in the supine posture and two divers in the sitting posture. Results: Arterialised oxygen tension had decreased at all times after the dive (211.3 mm Hg, p = 0.00006), due to decreased alveolar oxygen tension, irrespective of posture. Apart from an increase in the sitting posture 30 minutes after the dive, pulmonary capacity for carbon monoxide diffusion and cardiac index decreased, mostly 60 minutes after the dive (29%, p = 0.0003 and 220%, p = 0.0002 respectively). The decrease in cardiac index was greater in the supine posture (p = 0.0004), and the physiological dead space/tidal volume ratio increased more in the sitting position (p = 0.006). Conclusions: Field dives are associated with moderate impairments in cardiac output and gas exchange. Some of these impairments appear to depend on the posture of the diver after the dive. W e have previously reported that air dry dives to 45 m (25 minutes bottom time) are associated with acute, transient reductions in pulmonary diffusing capacity for CO (CO transfer factor (TLCO)) and arterial oxygen saturation (SaO 2 ).
W e have previously reported that air dry dives to 45 m (25 minutes bottom time) are associated with acute, transient reductions in pulmonary diffusing capacity for CO (CO transfer factor (TLCO)) and arterial oxygen saturation (SaO 2 ). 1 The maximal decrease in TLCO was 15% 40 minutes after the dive. Thorsen et al 2 confirmed these results, reporting, however, smaller TLCO reductions after a dry dive to 39 m. A later study observed post-dive decreases in dynamic lung flows and volumes. 3 Both dry and wet (open sea) dives are associated with hyperoxia, increased density of breathing gas, and decompression stress with possible formation of venous bubbles and subsequent lung microembolisation (venous gas microemboli (VGM)). However, in open sea bounce dives there is also immersion, the mechanical load of the breathing apparatus, a greater level of physical activity, and exposure to a cold environment. Immersion in cold seawater results in breathing of colder and denser gas and may also, by inducing peripheral cutaneous vasoconstriction in conjunction with the immersion effect, potentiate greater central pooling of blood than in dry dives. Most previous studies on pulmonary function after open sea dives investigated professional, saturation dives, 2 4-7 focusing on the effects observed days, weeks, and years after the dives. In contrast, Skogstad et al 8 measured pulmonary function two hours after open sea bounce air dives to 10 and 50 m. They reported similar reductions in TLCO (11-13%) in both dives, in conjunction with spirometric decrements. In this study it was our intention to evaluate the acute effects of open sea air diving on pulmonary function, including hitherto unknown effects on cardiac output and physiological dead space, as an index of the degree of VGM. As apicobasal pulmonary distribution of VGM is in part gravity dependent, 9 we also evaluated the possible impact of post-dive posture on the variables. To isolate the possible effects of gravity dependent VGM from the well known cardiopulmonary effects of body posture, measurements after a dive were compared with measurements before the dive in the same body position.
METHODS

Subjects and dive profiles
All the experimental procedures complied with the Declaration of Helsinki and the American Physiological Association's Ethical principles in the conduct of research with human participants and were approved by the School Of Medicine Ethics Committee. Written informed consent was obtained from all the subjects, and their annual diving insurance was paid in exchange for their participation.
Eight male recreational divers, medically fit to dive based on the annual medical examination, with no clinical signs of cardiopulmonary disease, were included in the study. Their mean (SEM) age was 31.6 (2.1) years (range 24-40), height 181.6 (2.1) cm (range 172-191), and weight 86.1 (5.7) kg (range 63-110). Two subjects were smokers. All subjects were recreational divers, experienced only in compressed air diving with an average maximal depth of dive 62.5 (4.9) m (range 40-89) and diving experience 964.3 (352.4) hours (range 250-3000); none had ever performed saturation dives. As 40 m was the maximum allowed depth for these subjects, we chose a depth of 39 m. The bottom time was 30 minutes, and Abbreviations: A-aDO 2 , alveolar-arterial O 2 tension difference; CI, cardiac index; FEV 1 , forced expired volume in one second; FVC, forced vital capacity; PETO 2 , partial pressure of end tidal O 2 ; PETCO 2 , partial pressure of end tidal CO 2 ; PaO 2 , arterial partial pressure of O 2 ; PaCO 2 , arterial partial pressure of CO 2 ; Q t, pulmonary cardiac output; SaO 2 , arterial O 2 saturation; SV, stroke volume; SVR, systemic vascular resistance; TLCO, CO transfer factor (pulmonary diffusing capacity for CO); VA, alveolar volume; VD, physiological dead space; V O 2 , oxygen uptake; V CO 2 , carbon dioxide output; VT, tidal volume; V A, alveolar ventilation; VGM, venous gas microemboli the ascent rate up to the first decompression stop was 18 m/ min. The divers swam along a line in open sea to the 39 m mark. At the bottom, divers swam slowly mainly in the prone position. The first decompression stop was at 6 m for three minutes, and the second one at 3 m for 18 minutes. The depths of the decompression stops were marked on the line. The divers used air as breathing gas and measured the diving profile with a diving computer (Aladin Pro; Uwatec, Hallwil, Switzerland). Data on the dive profiles were downloaded from the diving computer on to a PC with data acquisition software. The subjects used wet suits. During the dive, subjects performed no exercise other than slow swimming. Smoking was prohibited at least 12 hours before the experiment. The sea temperature at the surface was 19-21˚C, and on the bottom it was 14-15˚C. The dives were conducted at the village of Pisak, where steep underwater terrain allowed them to be performed only 30 m from the shoreline. This enabled us to test divers shortly after the end of the dives in a nearby house. The divers were not allowed to drink after a dive during the period of evaluation.
Study protocol
The dives took place on two consecutive days. Each diver performed two similar dives, with measurements of cardiopulmonary variables and Doppler bubble grade before and 30, 60, and 90 minutes after a dive in the seated or supine position, in random order. Baseline measurements were obtained after the subject had relaxed seated or lying supine for a minimum of 20 minutes. The parameters of basal ventilation were then recorded for five minutes and averaged over the last two minutes. Other baseline measurements followed. The time difference between the two dives was 24 (2) hours.
Doppler bubble monitoring
Venous bubbles were detected using a continuous wave Doppler apparatus TSI model 9008 (Techno Scientific Inc, Concord, Ontario, Canada) equipped with a 2.5 MHz precordial probe. The Spencer Doppler Scale 10 with five grades was used: grade 0, no bubbles; grade I, an occasional bubble with most cardiac cycles free of bubbles; grade II, many but less than half of the cardiac cycles contain bubbles; grade III, bubbles in most of the cardiac cycles but not obscuring heart sounds; grade IV, numerous bubbles obscuring heart sounds. For the precordial monitoring, recording was performed for one minute after the heart rate had stabilised to a resting rate. It was performed after a deep knee bend in the sitting posture and without it in the supine posture. The signals were assessed aurally and recorded on tape (Sony TCM-40DV) and graded in a blind manner by two trained investigators (DB and IM-T).
Dead space
The physiological dead space (VD) was determined from the Bohr equation by using arterialised PCO 2 (PaCO 2 ) and mixed 
Measurements of pulmonary function
Pulmonary function testing consisted of spirometry, measurement of basal ventilation, and single breath TLCO. The measurements were performed by DB and IM-T, using the same equipment before and after a dive. For spirometric tests, after inhaling their vital capacity, subjects performed forced maximal expiration. Three satisfactory manoeuvres were collected each time. The instrument used was the computerised Quark PFT (Cosmed, Rome, Italy). It was calibrated daily: (a) volume calibration with a 3 litre hand pump; (b) automatic checking of the proper gas mixture for TLCO measurements. Forced vital capacity (FVC), forced expired volume in one second (FEV 1 ), and peak expiratory flow rate were taken as the highest readings obtained. The maximal expiratory flow rates at 75%, 50%, and 25% of FVC expired and mid-expiratory flow rate were taken from the best test defined by the highest sum of FVC and FEV 1 .
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Ventilatory measurements Ventilatory variables were collected continuously on a breath by breath basis (Cosmed Quark b2) with mask breathing, with interruptions when other measurements were performed. The measurements at each predefined time were obtained as two minute averages around that time. The Quark b2 uses ultrafast analysers for CO 2 (infrared analyser) and O 2 (zirconium heated analyser). The analysers were calibrated daily with a calibrating gas mixture composed of 5% CO 2 , 16% O 2 , and the balance N 2 , and the flowmeter was calibrated with a 3 litre calibration syringe. Oxygen uptake (Vo 2 ) and carbon dioxide output (VCO 2 ) were determined from the continuous measurement of the concentrations of CO 2 and O 2 in the inspired and expired gas.
TLCO measurements TLCO was determined by the single breath method, which requires the subjects to make maximal inspiration from the residual volume of a gas mixture containing 21% O 2 , 0.3% CO, and 0.3% methane balanced with nitrogen. Concentrations of CO were measured using an infrared analyser (Quark PFT; Cosmed). Each TLCO measurement was examined to ensure that the inspired volume was at least 90% of the FVC, breath hold time 9-11 seconds, and the total time of inspiration less than two seconds. 12 TLCO was adjusted for changes in haemoglobin (Hb) and carboxyhaemoglobin (HbCO) as follows:
where f(Hb) = (10.22+Hb)/1.7 6 Hb. This adjusts TLCO to a standard Hb value of 146 g/l, as reported by Cotes.
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Haemoglobin was measured using a direct reading haemoglobinometer to correct TLCO measurements. Also, f(HbCO) = (1.0 + %HbCO)/100 corrects for a rise in HbCO due to the multiple tests performed. 14 We were unable to measure HbCO directly in our subjects, and we used the correction reported by Frey et al 15 of 0.71% rise in HbCO per test performed. Alveolar volume (VA) was measured by single breath methane dilution, and TLCO/VA was calculated.
Cardiovascular measurements
During the entire test, heart rate was recorded continuously with a Polar belt (Polar Oy, Kempele, Finland), and arterial blood pressure was measured non-invasively with an auscultatory-oscillometric device (Tango; PaCO 2 (mm Hg) = 5.5 + 0.90 PETCO 2 (mm Hg) 2 0.0021 VT (ml).
The mixed venous PCO 2 (PvCO 2 ) was estimated by the Collier equilibrium method involving rebreathing from a bag containing high CO 2 concentration (10%). 17 The equilibrium fraction of CO 2 was obtained by extrapolation, using the regression line between the 8 and 12 second rebreathing intersect, at 20 seconds after the start of the rebreathing manoeuvre. The equilibrium CO 2 pressure was calculated without ''downstream'' correction. Vanhees et al 18 have shown that the equilibrium method is more reproducible than the exponential method for Q t measurements at rest. Q t was measured in duplicate, and the rebreathing bag was thoroughly flushed between two rebreathing periods. Cardiac index (CI) was calculated as Q t/body surface area. Stroke volume (SV) was calculated as Q t/HR, and systemic vascular resistance (SVR) as mean arterial pressure/Q t.
Statistical analysis
Data are expressed as mean (SEM). The effect of diving on the variables studied at different times after a dive was evaluated by Friedman analysis of variance. Post hoc comparisons were performed by the Wilcoxon sign rank test. Non-parametric tests were used because of the small sample size (n = 8). Posture related effects of diving were evaluated by two way, double repeated measures (post-dive time 6 post-dive posture) analysis of variance. The effects studied were posture and the interaction between posture and postdive time. This parametric test was used because of its versatility, despite the small sample size, bearing in mind that the test aggregates data from both post-dive postures (unlike in the single dive analyses). To minimise the effect of intersubject variability of baseline values of the studied variables, instead of the raw data, the post-dive changes from baseline values were used in these analyses. Associations between metric variables were evaluated by Pearson's coefficient of correlation. p,0.05 was considered significant. All analyses were carried out using Statistica 6.0 software (Statsoft, Inc, Tulsa, Oklahoma, USA).
RESULTS
Eight divers completed the study protocol. All divers, as confirmed by inspection of the data downloaded from the diving computer, obeyed the diving schedule. No subjects had clinical signs of decompression sickness, except for one who had minor pain in the right shoulder immediately after the dive. Tables 1 and 2 show cardiopulmonary variables in the sitting and supine posture respectively.
Bubble grade and diving experience
Venous bubbles were detected in four subjects (two with Spencer's grade I and two with grade II) 30 minutes after diving. In two of these subjects, detectable bubbles persisted 60 minutes after the dive (both with grade 1) in the supine posture. In the latter two divers, bubbles were also detected (both had grade I) 30 minutes after the dive in the sitting posture. In two divers with detectable bubbles on one occasion only (in the supine posture), the presence of bubbles occurred on the first day in one of them and on the second day in the other. In this group of divers, lower bubble grades were observed than in the first study. 1 Dead space VD was increased in both positions 60 minutes after the dive, but a larger effect was found in the sitting posture (73% v 44%) (figs 1 and 2). VD/VT was increased in both positions at all three post-dive measurements. Anatomical dead space had not changed after the dive.
Spirometric and ventilatory measurements
There were neither significant nor apparent differences in spirometry and ventilatory measurements before and after the dive (tables 1 and 2).
Diffusing lung capacity TLCO and TLCO/VA were significantly reduced after the dive in the supine posture. A biphasic trend was noted in the sitting posture: an initial increase 30 minutes after the dive (5%, p = 0.049), followed by decreases 60 (7%, p = 0.011) and 90 (9%, p = 0.025) minutes after the dive. VA was unchanged in both positions after the dive. The changes in TLCO after the dive appeared to depend on posture, but this was not significant (p = 0.07, the interaction between posture and time after the dive). TLCO was significantly higher in supine than in seated measurements (12%, p = 0.008, posture as the main effect in double repeated measures analysis of variance).
Gas exchange
The respiratory quotient decreased in both postures, mainly because of increased oxygen consumption. Oxygen consumption per unit of alveolar ventilation (VO 2 /VA) was even more increased after the dive in both postures. This was associated with reduced PETO 2 despite reductions in PETCO 2 . PaO 2 and SaO 2 were reduced at all times after the dive in both positions, without changes in A-aDO 2 (tables 1 and 2 ). This suggests that the decrease in arterial oxygen tension after the dive was due to lowered alveolar oxygen tension, which, in turn, resulted from increased VO 2 /VA. For example, 60 minutes after the dive, when the decrease in PETO 2 was largest, the decreases in PETO 2 (values after the dive -baseline values) correlated with increases in VO 2 /VA in the supine (r = 20.89, p = 0.006) as well as the sitting (r = 20.76, p = 0.028) posture. The blood base deficit was increased 30 and 60 minutes after the dive due to a decrease in bicarbonates in both positions (not shown). Diving did not affect packed cell volume or haemoglobin in either posture.
Cardiovascular variables
CI and SV were reduced significantly 30, 60, and 90 minutes after the dive in the supine posture (table 2, fig 2B) , whereas a biphasic trend was noted in the sitting posture: an initial increase 30 minutes after the dive (15%, p = 0.036), followed by a decrease 60 minutes after the dive (15%, p = 0.011) (table 1, fig 2A) . Larger reductions in CI and SV were found in the supine position (p = 0.01 in both cases, interaction of posture and time after the dive in double repeated analysis of variance). Heart rate and mean arterial pressure were not significantly changed. CI was higher for 38% in the baseline supine posture than in the sitting posture (p = 0.022, posture as the main effect in double repeated measures analysis of variance) due to an increase in SV (40%). SVR was increased significantly only in the supine position 30, 60, and 90 minutes after the dive (fig 2B) . For each diver, the time to equilibrium of CO 2 pressure was practically the same before and after the dive, which is important for reproducibility of measurements of CI by the rebreathing method.
There were no apparent differences in baseline variables or response to the dive between the two smokers and six nonsmokers.
DISCUSSION
We have shown acute depression in lung respiratory function and cardiac output after open sea field dives. There have been similar findings with dry diving, but this is the first report on the effect of diving on cardiac output in humans. Although an increase in physiological dead space was measured in most of the divers, venous bubbles were detected by precordial Doppler in only some of them. Thus, either the changes observed were caused by factors other than VGM or the Doppler method is too insensitive and the changes were caused by non-detectable bubbles.
Study limitations
We have not performed control dives, which would have enabled correction for factors other than VGM associated with the dive. These could have been performed by prolonged or oxygen decompression (as we had used in the previous study). Thus, within the limits of this study, it is not possible to isolate the effects of venous bubbles from the effects of submersion and respiratory mechanical load during the dive. We have used non-invasive cardiopulmonary measurements, which might have produced inaccurate estimates of some of the variables. However, in assessing changes with respect to the baseline pre-dive condition, reproducibility of measurement is the major concern. One may question the reproducibility of measurement of cardiac output after a dive by the rebreathing method when lung and heart function are affected. However, for each diver, the time to equilibrium of CO 2 pressure between alveoli and mixed venous blood did not differ before and after the dive. This argues against a significant impact of diving on measuring cardiac output by the rebreathing technique. Arterialised capillary blood and oximetry may be influenced by cold exposure during diving, causing peripheral vasoconstriction. This could produce bias in comparing values obtained before and after diving. However, if this effect of diving on the measurements did exist, it would probably have materialised immediately after diving, not 60 and 90 minutes after it, when the measured decreases in arterial oxygen saturation and tension were the greatest.
Posture after the dive The posture of the diver after the dive may be important. However, different bubble grades were measured in different postures in the same divers after apparently the same dives. This lack of reproducibility in the production of venous inert gas bubbles after the dive makes it difficult to compare the sitting with the supine posture. For example, it may be that more bubbles and not posture caused a greater decrease in cardiac output in the supine posture. Furthermore, the effects of submersion and increased breathing resistance cause central pooling of blood and fluid shifts. During the recovery phase after the dive, these effects may last longer if the diver is lying down than when sitting upright. Thus it is not clear in this study whether posture had an effect or not, and, if so, whether it was primary or secondary.
Diffusion and arterial gases
This wet dive study replicated the findings of decreased lung diffusing capacity after a dry dive. 1 2 The reasons behind these findings remain unclear. One may relate a decrease in TLCO to a parallel build up of alveolar dead space after a dive. However, in dogs, using 0.3% of CO in inspired gas (as in a standard single-breath TLCO measurement), Chappel et al 19 have shown that the CO uptake in the stagnant blood pool distal to the occlusion is not stopped, but only slightly slowed down (due to a build up of the back pressure and partial collapse of the occluded vessels). Bearing this in mind and the small part of the lung occluded, it is unlikely that the increased dead space accounted for the observed decrease in TLCO. The previously observed correlation between bubble grade and percentage decrease in TLCO after a dry dive 1 was not replicated in the present study. TLCO has also been reported to decrease after exercise of different durations and intensities, 20 and these restrictions may last up to six hours. 21 A reduction in both pulmonary capillary blood volume and membrane TLCO component have been reported. The former was reduced only after 10 minutes of cycling at 25% of maximal VO 2 . 22 As the open sea dive represents mild to moderate exercise, this mechanism of acute TLCO reduction has to be considered. However, the argument against this possibility is that even greater decreases in TLCO were reported in dry dives, when divers were sedentary. Lastly, Thorsen et al 23 reported similar effects on TLCO after immersion of subjects and negative pressure breathing. In that study as well as in this one, there was central pooling of blood resulting from immersion and increased breathing resistance. This may have caused increased pulmonary capillary transmural pressure, leading to accumulation of fluid in the interstitium and reduction of gas transfer in the lungs. Negative static lung loading (lower pressure at the mouth compared with the lung centroid) during ascent in the upright posture produces effects similar to negative pressure breathing, 24 contributing to interstitial engorgement. Regardless of the mechanism responsible for the decrease in TLCO, the more relevant question is whether or not it could have been responsible for the decrease in PaO 2 . It has been predicted on a theoretical basis and confirmed experimentally that TLCO must be reduced below 50% to limit O 2 alveolo-capillary equilibration. 25 Therefore it is not likely that a TLCO reduction of 9% contributed significantly to the 20% reduction in PaO 2 in the present study. Moreover, most of this reduction in arterial oxygen tension is explained by the decrease in alveolar oxygen tension. A decrease in alveolar oxygen tension was observed in parallel with increased oxygen consumption per unit of alveolar ventilation. One may speculate that hyperoxia during diving causes a metabolic shift from carbohydrate towards lipid metabolism and that this effect persists for some time after a dive.
Cardiac output and blood pressure This is the first study to report changes in cardiovascular function after a single open sea air dive in humans. Reductions in cardiac output after the dive were due to decreased SV, in the presence of increased SVR and unchanged arterial blood pressures. We observed significantly increased SVR only in the supine posture (up to 45%, 90 minutes after the dive), although the same trend was noted in the sitting posture. Changes in cardiovascular variables observed in this study are consistent with experiments in dogs and pigs. 26 27 In animal models, the decreases in cardiac output after the dive were related to decreased venous return and increased afterload of the right and (or) left ventricle (due to increased positive airway pressure and SVR respectively). [26] [27] [28] [29] However, these results can hardly be extrapolated to human diving, because of great differences in bubble load and possible species differences. For example, significant VGM created by hypobaric exposure in astronauts did not result in increased positive airway pressure, suggesting greater lung clearance capacity in humans. 30 Theoretically, decreased venous return may be due to decreased plasma volume (caused by diving induced diuresis and exercise induced plasma extravasation) or an exercise induced shift of blood from the central circulation to periphery. The small, non-significant changes in packed cell volume and haemoglobin argue against plasma reduction after the dive in our study. Still, relatively small changes in plasma volume may have profound haemodynamic effects, and the power of our study to detect such changes in packed cell volume or haemoglobin was rather small. Peripheral blood pooling has been reported after maximal and submaximal exercise to increase the clearance of metabolic waste products from exercised muscles. 31 This effect was independent of the body position. 32 During field dives in our study, divers did no defined exercise, but the open sea dive represents mild to moderate exercise depending on the sea currents, temperature, stress, etc, in comparison with the chamber dive. The fact that divers did some level of exercise is evident from the reduction in arterialised bicarbonate of about 2 mmol and increased blood base deficit. In any case, the similar pattern of changes in TLCO and cardiac output after the dive suggests a common underlying cause.
In conclusion, the field dive was followed by acute, moderate deterioration in pulmonary gas exchange and cardiac output. These changes were detected in parallel with a slightly increased physiological dead space in most of the divers and the presence of venous bubbles in only a few of them. The lowered arterial oxygen tension was explained by increased oxygen consumption per unit of alveolar ventilation, whereas the mechanisms of other effects of diving remained unclear. Posture after the dive may have influenced some of these observations, but neither profoundly or consistently.
